Introduction
Phase-change memory (PCM) has recently been more attracted as one of the promising nonvolatile solid-state memories because of its simple cell design and good performance in Set-Reset cycles. Up to now, in PCM, amorphous-crystal phase transition has been applied to record and erase data, as well as optical phase-change memory such as a DVD-RAM, DVD-RW and rewritable Blue-ray disc. In very recent, a new type of PCM has been designed, which does no longer relay on amorphous-crystal phase-transition, but on crystal-crystal phase-transition. The new phase-change memory is called "interfacial or intelligence phase-change memory (IPCM)," because the solid-solid phase transition only occurs at interfaces between an atomically controlled thin GeTe layer and Sb 2 Te 3 layer. Due to the interfacial switching, Ge atoms can only flip-flop between octahedral (low resistance) and tetrahedral (high resistance) bonding states. In such a superlattice, the <111> direction of a GeTe fcc lattice and the c-direction of Sb 2 Te 3 hexagonal lattice align each other, and all the other elements in Sb 2 Te 3 layers do not take part in the switching. As a result, entropic loss accompanied with melting and phase-change at a high temperature is greatly depressed. In this paper, we present the entropic loss in PCM devices and introduce our concept to greatly reduce switching energy in comparison with current PCRAM device trends.
Is temperature used as an accurate scale to estimate phase-change phenomenon?
Temperature has long been used as a scale of measurement in PCMs. For example, a melting temperature and a crystallization temperature are both important parameters to estimate and select a phase-change material. In addition, an activation energy is another important parameter to estimate the durability and life-time of amorphous state under high temperature environment. Although all these thermal parameters are measured at quasi-static conditions using a differential scanning calorimeter (DSC), the experimental ramping rate of temperature is limited by a heat capacity and a mass of a container of a sample. At maximum, the ramp rate is limited by 50 K/min [1] . Remember, the phase-change switching events: heating, melting and cooling occur at much fast rate, 10 7 ~10 8 K/min. Despite using such high ramping rates, melting and crystallization temperatures measured in the very slow ramping rate have long been applied in thermal simulation models as it is. In our simple calculation extrapolating a Kissinger plot of a GeSbTe alloy, the crystallization temperature is raised up to290 o C from 160 o C [2] . As well as the crystallization, the melting temperature is raised, which is called "super-heating." Therefore, it is understood both thermal parameters are not used to estimate phase-change phenomena accurately, and may be changed by PCM device designs. Thus, the answer to the question is negative!
Does phase-change spontaneously occur only using a parameter of temperature beyond a melting point?
In almost all computer simulations solving a thermal diffusion equation for phase-change device models, temperature and thermal barriers, heat losses at material interface boundaries have only been discussed so long time [3, 4] , while phase-change or phase-transition has never been discussed nor introduced in the simulations at all until now, despite dealing with "phase-change phenomenon." This is so much strange from a point of view of physical chemistry. In all information storage regardless PCRAM or magnetic spin memory (MSM), an action to store data is a "work." Therefore, energy is required more or less to record and erase data. This is not an irreversible action. Remember it is similar to a combustion engine. That is, the energy flow is always one direction as time being. In these systems, "entropy" is always dissipated and flowed out as heat energy out of the system. Unfortunately, almost all computer simulations have not included nor discussed a part of entropic heat flow.
What becomes an accurate and secure scale to deal with phase-change instead?
In a point of view of physical chemistry, Gibbs free energy of formation is the unique scale to deal with the system of heat flow including phase-change [5] ,
G = H-T S = U + W + E elec -T S (1).
Where, G, H, U, T, E elec and S are Gibbs free energy, enthalpy, internal energy, temperature, electrical energy and entropy, respectively. In general thermal simulations, only electrical energy supplied from I•V is set to equal to U, which is a summation of C p(s) (T m 
-T 0 )ρ, Fρ, C p(l) (T m -T)
ρ, respectively. C p(s) , ρ, F, C p(l) , T 0 , T m , T are heat capacity of solid, mass (kg or mol), fusion energy, heat capacity of liquid state, a starting temperature, a melting temperature, and a arrival temperature. Since W is a work, in phase-change system it corresponds to a volume change between an amorphous and a crystalline phase of a mushroom on a heater rod. That is, given a internal energy change, a volume change, an activation energy in the molecules of Ge 2 Sb 2 Te 5 in the volume, a system including phase-change can be treated precisely. We consider only a system in the mushroom, while the surrounding region is considered as an external system connected to the mushroom. Heat energy can flows in and out through the mushroom surface. It is usually called "NPT canonical ensemble," where N and P are the number of atoms, and pressure. The Gibbs free energy change G can be used as the only scale to deal with phase-change.
How much energy is lost by entropy accompanied with phase-change?
Entropy in a system including hetero-atoms is easily derived by the Sackur-Tetrode equation [5] ,
where M, h and β are atomic weight, the Plank's constant, 1/(kT), and k is the Boltzman constant. The total partition function of the canonical ensemble Q is given by,
N is the total number of atoms in the ensemble and n 1, 2, 3 are the partial numbers of independent atoms: Ge, Sb, Te. In strict, although the the Sackur-Tetrode equation is of the equation to estimate entropy in gas or normal solution (one of ideal liquids), it has been found by our first principle simulation that it can be applicable to estimate entropy of phase-change materials within a very small deviation as well.
Assuming the phase-change mushroom has a diameter of 75 nm, it includes Ge 2 Sb 2 Te 5 molecules of 6.75x10 K.
-1 As the activation energy needs 2.34 eV for the phase-change, it corresponds to 1.53x10 -13 (J) in the mushroom. Energy accompanied with a volume change (~10%) is negligible small. Finally, TΔS is estimated as 3.66 x10 -12 (J), where M is replaced into an averaged atomic weight. As a result, ΔG = ΔH -TΔS =2.80x10 -14 (J) + 1.53x10 -13 (J) -3.66 x10 -12 (J) = -3.48 x10 -12 (J). It means that more than 95% of the total energy is removed by entropy! In other words, to make the amorphous mushroom crystallize using ΔH = 1.81x10 -13 (J), the mushroom has to obtain 3.66 x10 -12 (J) from the outside connecting to the mushroom at 500K, and the entropy must be released to the outside. That is, totally, 3.84 x10 -12 (J) energy must be supplied into the mushroom, but only less than 5% is used for the mushroom phase-change!
How to depress the entropy and to save energy in switching?
A key to reduce the entropy is the number of coordination, Q of the atoms. For example, if we force the atoms a low dimensional switching, the entropy can greatly be reduced. Depending on our flip-flop phase-change model of Ge atoms in Ge-Sb-Te systems [6] , the entropy can be depressed. That is, instead of forming a Ge-Sb-Te alloy film, fabricating a multilayer structure composed of a /GeTe/Sb 2 Te 3 / repeating stuck makes it possible. Interestingly, <111> direction of a NaCl-like GeTe cell and c-axis of hexagonal of Sb 2 Te 3 / align each other without mismatch. Due to the alignment, Ge atoms are forced to switch in one-dimension normal to the interface, resulting in entropy with one-tenth to hundredth compared with than of the alloy film [7] .
